Abstract： With the long-term and large-scale use, herbicides have been well known to influence 16 tritrophic interactions particularly natural enemies of pests in agro-ecosystems. On the other hand, 17 herbivorous insects, especially the generalist pests, have developed antagonistic interaction to 18 different insecticides, toxic plant secondary metabolites and even heavy metals. However, whether 19 exposure to herbicides would affect resistance of insects against insecticides is largely unknown, 20 especially in agricultural pests. Here, we first reported that pre-exposure to two widely used 21
Introduction 34
The application of insecticides is currently the most common control measures against insect 35 pests [1]. However, resistance of insects to chemical insecticides become a growing agricultural and 36 ecological concern [2] . Since pesticides are pervasive and cross used in agriculture, one insecticide is 37 known to confer resistance to other insecticides in insects through cross-resistance mechanism [3, 4] . 38
Herbicides have been largely used in agriculture to control weeds around the world. However, 39
excessive and inappropriate use of herbicides have also leading to serious harmful effects, including 40 breaking ecological chain, increasing environmental pollution and sanitation concerns [5, 6] . For 41 example, the herbicide glyphosate has great infection on the population numbers of non-target 42
Lepthyphantes Tenuis [5, 6] . Exposure to the herbicide atrazine at low ecologically relevant doses cause 43
Xenopus Laevis hermaphroditic and demasculinized during sexual development [7] . What is worse, 44 farmers and entomologists have observed that insects evolve insecticide resistance with exposure to 45 particular insecticides, including herbicides [8, 9] . In mosquitoes, larvae exposed to the herbicide 46 atrazine and benzothiazole become more tolerant to insecticides [4, 10] . However, the antagonistic 47 interaction between herbicides and insecticides is largely unknown in agricultural pests.
48
The induction of enzymatic activities in insects, like cytochrome P450 monooxygenases (P450), 49 glutathion-S-transferase (GST) and esterases, is strongly associated with insecticide resistance [11, 50 12] . The detoxification enzyme system also takes the major responsibility for cross-resistance 51 mechanism [9, 13] . For instance, the expression of multiple P450 and GST genes, which are previously 52 linked to insecticide resistance, have been shown to simultaneously induced by the herbicide atrazine 53
[14]. exposing to fresh air in the volatile induction experiment, and fed on diet containing 0.5 mg/g solvent 106 sterilized water in the feeding experiment. In the synergism analysis, 3 μl cytochrome P450 inhibitor 107 piperonyl butoxide (PBO) was delivered on to the prothorax notum of each caterpillar 1 h before the 108 insecticide application. Twenty synchronous individuals were used for each treatment, and three 109 independent replicates were performed for all treatments.
110
To investigate the effect of exposing to herbicides on growth and development of H. armigera, 111 the weight gain from the third-instar to sixth-instar caterpillars, pupal weight and pupation rates 112
were compared between control group and herbicides exposing group. Twenty synchronous 113 individuals were used for each treatment, and three independent replicates were performed for all 114 treatments. 115
Enzyme activity assay 116
To assay detoxification enzyme activities, total midgut and fat body from BuCh-or HLFM-117 treated caterpillars of H. armigera were used. Newly molted fifth-instar caterpillars were fed on 118 control diet (containing no allelochemicals) exposed to 1 μg volatile herbicides butachlor (BuCh) and 119 haloxyfop-methyl (HLFM) or fed on diet containing 0.5 mg/g herbicides BuCh and HLFM exposing 120 to fresh air for 48 h and then the midgut and fat body were dissected on an ice plate and placed in 0.1 121 mM phosphate buffer solution (PBS, pH 7.0, containing 1 mmol/L EDTA, 0.1 mmol/L PMSF, 0.1 122 mmol/L DTT and 10% Glycerol). The homogenate was centrifuged at 4 °C, 10000 g for 20 min. The 123 supernatant of each treatment was used immediately for enzyme assays or stored at -80 °C until used.
124
The determination of cytochrome P450 enzyme activities were performed according to previously 125 published procedures with slight modifications [22] . The determination of the glutathione S-126 transferase was slightly modified by Habig WH [23] . The determination of the carboxylesterase was 127 slightly modified by Van Asperen K [24] . For the acetylcholinesterase activity, the midgut or fat body 128 was ground in 2 mL of 0.70% NaCl and centrifuged at 4°C, 3500 g for 10 min. The supernatant was 129 used for enzyme assays by using a ChE (Choline esterase) detection kit (Nanjing Jiancheng 130 Bioengineering). Twenty synchronous individuals were used for each treatment, and three 131 independent replicates were performed for all treatments. 132
Statistical analysis 133
All data are presented as mean ± standard error. For statistical evaluation of the experiments, 134
one-way analysis of variance was performed. Different letters indicate significant differences (P < 135 0.05) according to Tukey's multiple range test. All data analyses were performed using GraphPad 136 Prism v.6.01 (GraphPad software, Inc., San Diego, CA, USA). 137 138
Results 139

Exposure to herbicides primes resistance of H. armigera against insecticide 140
We performed toxicity bioassays to evaluate the effect of pre-exposure to butachlor (BuCh) and 141 haloxyfop-methyl (HLFM) on susceptibility of H. armigera caterpillars to methomyl. Since insects 142 could be exposed to residual herbicides by feeding on host plants or by olfactory perception from 143 their surroundings, we treated caterpillars with either volatile herbicides or diet containing 144 herbicides to simulate the natural field conditions. We found that induction of H.armigera caterpillars 145 with either BuCh or HLFM, and whatever kinds of treatment, significantly decreased caterpillars 146 mortality to methomyl, from ~80% (Control) to ~40% (S-BuCh, S-HLFM, F-BuCh and F-HLFM) ( Fig.  147 1A & Fig. 1C , P < 0.05). Moreover, kinetics of H.armigera mortality follow the same pattern (Fig. 1B &  148 Fig . 1D ). These results showed that exposure to herbicides primes resistance of H. armigera against 149 insecticides.
150
Since piperonyl butoxide (PBO) is an inhibitor of cytochrome P450 and used as a representative 151 synergist, we tested the synergistic effects of herbicides and PBO on methomyl toxicities. 152
Remarkably, larvae pre-treated with PBO before the insecticide application (BuCh + PBO, HLFM + 153 PBO) significantly increased both the mortality rates and accumulative mortality rates in all treatment 154 groups ( Fig. 1) , which imply that induced resistance of H. armigera against insecticide was 155 counteracted by PBO treatment. These encouraging results showed that exposure to herbicides might 156 primes P450-mediated detoxification of H. armigera against insecticide. 157 
Exposure to herbicides primes resistance of H. armigera against fungal toxin 174
We also performed toxicity bioassay to evaluate the effect of pre-exposed to BuCh and HLFM 175 on susceptibility of H. armigera caterpillars to carcinogenic mycotoxin aflatoxin B1 (AFB1). The weight 176 gain of either BuCh or HLFM exposed caterpillars were significantly higher than control caterpillars 177 ( Fig. 2A , P < 0.05), and the mortality rates of either BuCh or HLFM exposed caterpillars were 178 significantly lower than control ( 
The effect of exposing to herbicides on growth and development of H. armigera 191
To investigate the effect of exposing to herbicides on growth and development of H. armigera, 192 the weight gain of third-instar caterpillars, pupal weight and pupation rates were compared between 193 control group and herbicides exposing group. As shown in Figure 3 , there were no significant 194 differences between control group (Control) and herbicides treatments (S-BuCh, S-HLFM, F-BuCh 195 and F-HLFM) on weight gain, pupal weight and pupation rates ( 
The effect of exposing to herbicides on detoxifying enzyme activities in H. armigera 216
To identify which detoxification enzyme system took the major responsibility for herbicides 217 induced resistance in H. armigera, four kinds of universal detoxification enzymes including 218 cytochrome P450 monooxygenases (P450), glutathione S-transferase towards 3,4-219 dichloronitrobenzene (GST-DCNB), esterase activity towards a-naphthyl acetate (Esterase-aNA) and 220 choline esterase (ChE) in both midgut and fat body of H. armigera were investigated. In the assay of 221 P450 in the midgut, the activities in the herbicides-treated group were extremely increased by 1.7-222 fold to 4.8-fold (Table 1) . For the GST-DCNB, the activities were slightly inhibited in the BuCH-223 treated group, but increased in the S-HLFM-treated group (Table 1) . For Esterase-aNA, the activities 224 were slightly inhibited in the BuCH-treated group and more significantly inhibited in the F-HLFM-225 treated group (Table 1) . For ChE, no obvious differences of midgut activities were observed between 226 the herbicides -treated and the control caterpillars (Table 1) .
227
For the activities of detoxification enzymes in fat body of H. armigera, similar results were 228 obtained for P450, the activities in the herbicides-treated group were extremely increased by 2.1-fold 229 to 2.6-fold (Table 2 ). For the GST-DCNB, the activities were slightly inhibited in the BuCH-treated 230 group, but increased in the F-HLFM-treated group (Table 2) . For Esterase-aNA, the activities were 231 significantly increased in all herbicides-treated groups (Table 2 ). For ChE, the activities were inhibited 232 in the S-BuCH-treated group and F-HLFM-treated group (Table 2) . 233
Together, these data demonstrate that exposure to herbicides elicited a clear elevation of 234 predominantly P450 monooxygenase activities in midgut and fat body. 235 Table 1 Activities of detoxification enzymes in midgut of H. armigera.
236
P450
GST-DCNB Esterase-aNA ChE 
239
F-HLFM, caterpillars fed on diet containing 0.5 mg/g haloxyfop-methyl. Data shown are mean ± SE (n = 3).
240
Different letters indicate significant differences (P < 0.05) according to Tukey's multiple range test.
241 Table 2 Activities of detoxification enzymes in fat body of H. armigera.
242
P450 GST-DCNB Esterase-aNA ChE 
246
Discussion 248
Most important agricultural pests are polyphagous, which can feed on a variety of host plants 249
[25] and develop resistance to a variety of pesticides [26, 27] . For example, the cotton bollworms 250 (Helicoverpa armigera) is a major polyphagous pest feeding on hundreds of different plants including 251 cotton (Gossypium hirsutum), and show rapid evolution of resistance against various kinds of 252 insecticides, even the transgenic Bacillus thuringiensis (Bt) cotton [28, 29] . Therefore, to research how 253 polyphagous insect cope with the diversity of plant defenses and pesticides is of great concern in 254 crop protection. 255
Cross-resistance is the tolerance to a usually toxic substance as a result of exposure to a similarly 256 acting substance, which is quite ubiquitous in insects [18, 43, 44] . Therefore, the changes in transcript abundance of P450 genes 283 after exposure to herbicides should be systematically studied in a follow-up experiment.
284
In order to develop an effective long-term resistance management strategy, it is very necessary 285 to monitor the resistance and cross-resistance between different insecticides [30] . Considering that 286 insects are exposed to chemical insecticides and meanwhile could be exposed to residual herbicides 287 by feeding on host plants or by olfactory perception from their surroundings, what we find here 288 could be one potential risk of priming pest insecticides resistance by antagonistic interaction with 289 herbicides. Therefore, we argue that detailed study of the impacts of herbicides on insect will facilitate 290 efforts to reduce the influence of antagonistic interaction in pest control in the future. 291
Conclusions 292
In conclusion, we propose that exposure to herbicides primes resistance of H. armigera against 293 insecticide by eliciting a clear elevation of predominantly P450 monooxygenase activities in midgut 294 and fat body. 
